We use a self-assembled two-dimensional Coulomb crystal of ∼ 70 ions in the presence of an external transverse field to engineer a quantum simulator of the Dicke Hamiltonian. This Hamiltonian has spin and bosonic degrees of freedom which are encoded by two hyperfine states in each ion and the center of mass motional mode of the crystal, respectively. The Dicke model features a quantum critical point separating two distinct phases: the superradiant (ferromagnetic) and normal (paramagnetic) phases. We experimentally explore protocols that aim to adiabatically prepare the superradiant ground state, a spin-boson cat state with macroscopic phonon occupation, which is well-suited for enhanced metrology and quantum information processing. We start in the normal phase, with all spins aligned along a large transverse field and ramp down the field across the critical point following various protocols. We measure the spin observables, both experimentally and in our simulations to characterize the state of the system at the end of the ramp. We find that under current operating conditions an optimally designed ramp is not sufficient to achieve significant fidelity with the superradiant ground state. However, our theoretical investigation shows that slight modifications of experimental parameters, together with modest reductions in decoherence rates and thermal noise can increase the cat-state fidelity to ∼ 75% for N ∼ 20 spins. Our results open a path for the use of large ensembles of trapped ions as powerful quantum sensors and quantum computers.
We use a self-assembled two-dimensional Coulomb crystal of ∼ 70 ions in the presence of an external transverse field to engineer a quantum simulator of the Dicke Hamiltonian. This Hamiltonian has spin and bosonic degrees of freedom which are encoded by two hyperfine states in each ion and the center of mass motional mode of the crystal, respectively. The Dicke model features a quantum critical point separating two distinct phases: the superradiant (ferromagnetic) and normal (paramagnetic) phases. We experimentally explore protocols that aim to adiabatically prepare the superradiant ground state, a spin-boson cat state with macroscopic phonon occupation, which is well-suited for enhanced metrology and quantum information processing. We start in the normal phase, with all spins aligned along a large transverse field and ramp down the field across the critical point following various protocols. We measure the spin observables, both experimentally and in our simulations to characterize the state of the system at the end of the ramp. We find that under current operating conditions an optimally designed ramp is not sufficient to achieve significant fidelity with the superradiant ground state. However, our theoretical investigation shows that slight modifications of experimental parameters, together with modest reductions in decoherence rates and thermal noise can increase the cat-state fidelity to ∼ 75% for N ∼ 20 spins. Our results open a path for the use of large ensembles of trapped ions as powerful quantum sensors and quantum computers.
I. INTRODUCTION
Complex quantum manybody systems can be used to access entangled states that are a quantum resource for a broad range of applications. For example, cat-states are an excellent tool for quantum-enhanced metrology [1] [2] [3] [4] , and cluster states are an important resource for one-way quantum computation [5] . Such entangled states can be generated through non-equilibrium dynamics or by adiabatic state preparation. Both approaches require the ability to dynamically control system parameters.
Quantum simulators with coupled spin and bosonic degrees of freedom are emerging as powerful quantum many-body platforms with easily tunable parameters. These include cavity QED systems [6, 7] and trapped-ion arrays [8, 9] . In the latter case, the ion spins are coupled to one or multiple motional modes of the Coulomb crystal via a spin-dependent drive, resulting in phonon-mediated effective spin-spin interactions.
Most often, these systems operate in a regime where the phonons only facilitate the effective spin-spin coupling and do not enter the dynamics, allowing for their use as quantum simulators of spin models. Great progress has been realized in this effective spin-model regime, including a recent observation of dynamical phase * These two authors contributed equally transitions in a one-dimensional chain of 53 ions [10] . However, in the context of adiabatic state preparation, experiments have been limited to < 20 ions. Among these, one can highlight adiabatic preparation of the frustrated ground-state of the anti-ferromagnetic long-range Ising model [11, 12] , as well as a proof-of-principle preparation of symmetry protected topological states in a spin-1 chain [13] .
While there are notable exceptions for single trappedion experiments [14] [15] [16] [17] [18] [19] [20] , the regime where the full spinboson dynamics has to be considered has remained largely unexplored in the context of many-ion quantum simulators. In this work, we focus on this regime by realizing a trapped-ion quantum simulator of the Dicke model, an iconic model in cavity QED which describes the coupling of a (large) spin and an oscillator. The Dicke model is of broad interest as it exhibits rich physics including quantum phase transitions and non-ergodic behaviour. More recently it has gained renewed attention due to its implementation in cold-atom systems [21] [22] [23] and circuit QED [24] .
Here, we investigate adiabatic quantum state transfer in an array of ∼ 70 ions. The spin degree of freedom of the ions (encoded in the two lowest hyperfine states) are coupled via phonon-mediated long-range interactions induced by laser forces, tuned only to excite the center of mass (COM) mode of the Coulomb crystal. With the addition of an applied transverse field the experiment operates in a parameter regime where the phonons must be actively included for a proper description of the adiabatic protocol, which distinguishes our experiment from past efforts. We explore the performance of the simulator dynamics through various transverse field ramping schemes, and use theoretical calculations to benchmark the ground-state preparation fidelity and relevant spin observables, whilst also gaining insight into the relevant phonon dynamics. We also propose a simple procedure to disentangle the spin and phonon degrees of freedom of the targeted spin-boson cat-state, such that we can prepare a spin only cat-state. Furthermore, we demonstrate that even in cases where the fidelity of the target state is not very high, one still can prepare metrologically useful states.
II. SPIN-BOSON SYSTEM
Our experimental system uses a single plane, twodimensional (2D) array of laser-cooled 9 Be + ions in a Penning trap. The internal states forming the spin-1/2 system are the valence electron spin states in the ground state of 9 Be + [25] [26] [27] [28] . In the 4.46 T magnetic field of the Penning trap, these states are split by 124 GHz. The interplay of the Coulomb repulsion and the electromagnetic confining potentials creates a self-assembled ion crystal that supports a set of normal modes [29] which we couple to the spin degrees of freedom via a spin-dependent optical dipole force (ODF), generated by the interference of a pair of detuned lasers with beatnote frequency ω R [27] .
We detune the ODF from the phonon modes such that the COM mode is predominantly excited and we uniformly couple all the ions in the crystal [26] . Despite the fact that this regime limits the Hamiltonian to be collective, it allows us to generate highly entangled, and metrologically useful states while remaining within the bounds of computational feasibility for verification and benchmarking. In the presence of an additional transverse field, and in the frame rotating with ω R the system is described by the Dicke Hamiltonian [30] [31] [32] :
where δ ≡ ω R − ω COM and ω COM is the frequency of the COM mode. In this work δ is always negative. The operatorâ(â † ) is the bosonic annihilation (creation) operator for the COM mode, B(t) is the time-varying strength of the applied transverse field, and g 0 represents the coupling between each ion and the COM mode. We have introduced the collective spin operatorsŜ α = (1/2) jσ α j whereσ α j is the corresponding Pauli matrices for α = x, y, z which acts on the jth ion.
The Dicke Hamiltonian exhibits a quantum phasetransition at B c = g 2 0 /|δ| in the thermodynamic limit [33] [34] [35] , separating the normal and superradiant phases. In the strong-field regime, B B c (normal phase), the spins and phonons decouple into a product state. Since in this limitĤ B is dominant, the lowest-energy configuration is for the spins to align against the field direction. We note that while we are always in the symmetric spin manifold (S = N/2), this state is often called a paramagnetic spin state, which is fully polarized with respect to the field with Ŝ x = −N/2 and |Ŝ z | = 0. The phonons occupy the vacuum state and the ground-state is given by,
where we used |n for n = 0, 1, ... to denote Fock states and describe the spin degree of freedom in the basis |S, M x (|S, M z ) which are eigenstates ofŜ 2 andŜ x (Ŝ z ), labelled by their eigenvalue S and −S ≤ M ≤ S respectively. For brevity we contract the notation to |S, M x ≡ |M x as we will only consider states in the fully symmetric manifold S = N/2. We also adopt the convention |ψ SB = |ψ phonon ⊗ |ψ spin to describe the spin-phonon state, while the additional subscript B is used to denote that this is the ground-state in the regime dominated by the transverse field B.
Conversely, in the weak-field limit B B c (superradiant phase), the spin and phonon degrees of freedom are entangled. Here, the spin ground-state is ferromagnetic (or a linear combination of spins all up and all down) with |Ŝ z | = N/2 and Ŝ x = 0, and in the limit of B → 0 is the entangled cat-state of spins and phonons,
where the subscript I denotes this ground-state is dominated by the spin-boson coupling. Here, the phonon mode acquires a macroscopic occupation |α 0 | 2 , where α 0 = g 0 √ N /(2δ). The two states with spins all-up and all-down that make up the cat-state are separated by an energy gap at finite B which is suppressed exponentially with atom number. We have introduced the displaced Fock states |α, n ≡D(α)|n to characterize the phonons, withD(α) = e αâ † −α * â the associated displacement operator [36] , which for α = 0 are equivalent to the previously defined Fock states |0, n ≡ |n .
Finally, we note that the Dicke Hamiltonian has a spinphonon parity symmetry such thatĤ(t) is preserved under the simultaneous transformation ofŜ z → −Ŝ z , S y → −Ŝ y andâ → −â. The associated conserved quantity of the Hamiltonian is the generator of the symmetry e iπ(â †â +Ŝx) . In the context of state preparation, this symmetry dictates that when ramping from high to low field, the state |ψ To construct efficient adiabatic protocols it is important to understand the low-lying excitations and energy spectrum of the Dicke Hamiltonian, and in particular how the interplay of phonon and spin degrees of freedom affects these. Both the strong-and weak-field groundstates, as well as their respective low-lying excitations are shown schematically in Fig. 1 . The nature of the excitations are dictated by the relative magnitude of δ, g 0 , and B.
In the large B limit, if |δ| > B then the lowest energy excitations are spin-flips alongê x . Conversely the excitations are phonon like if |δ| < B.
In the weak-field limit, B B c , and if δ 2 < g 2 0 the low-lying excitations are phonon-like. In this case the lowest energy excited states correspond to displaced Fock states, | ± α 0 , n [see Fig. 1(b) ]. On the other hand, if δ 2 > g 2 0 then the low-lying excited states differ from the ground-state by spin-flips alongê z .
The spin-component of the ground-states in the two regimes given by Eqs. (5) and (6) strongly resemble the corresponding ground-states of the Lipkin model (LM) [37] , which emerges in the far-detuned regime wherein the phonons can be adibatically eliminated. This correspondence can be demonstrated by first rewriting the spin-boson Hamiltonian in the form:
whereb =â − [g 0 /( √ N δ)]Ŝ z and J = g From Eq. (7) we observe that in the limit of large detuning, |δ| g 0 / √ N , B, the phonons can be adiabatically eliminated and we are left with an effective, spinonly Hamiltonian:
Here, we will always consider the case where δ < 0 (J < 0), which generates the ferromagnetic Lipkin model [38] . The Lipkin Hamiltonian exhibits a quantum critical point at B c = |J| ≡ g 2 0 /|δ|, analogous to the Dicke Hamiltonian, which separates the regimes of paramagnetically and ferromagnetically ordered spin ground-states.
While the ground-state physics of the Dicke Hamiltonian mirrors that of the LM in the strong and weak-field limits (in terms of the spin degree of freedom), their energy spectra can be markedly different depending on the choice of δ.
In the limit |δ| g 0 / √ N , B the eigen-spectrum of the two Hamiltonians is identical. However, as the magnitude of δ is decreased the phonon and spin degrees of freedom must be treated on an equal footing. Furthermore, at B |δ|, the model features a resonance, where the states |m | − N/2 x and |m − k | − N/2 + k x , with k a positive integer, become nearly degenerate and can be resonantly coupled. In fact the position of this resonance relative to the critical field strength B c allows us to categorize the effect of phonons on the overall dynamics into two cases:
• Case (i): |δ| B c . In this regime the resonance B |δ| lies well above the critical point. The ground-state |ψ GS SB;B = |0 | − N/2 x is decoupled from other states at resonance. Thus, the dynamics can be affected by resonant couplings to other states (see above) only if excited states have become occupied throughout the evolution, for instance due to non-adiabaticity of the ramp.
• Case (ii): |δ| ∼ B c . In this regime the resonance and the critical point are not well separated. As a result, the low-lying excitations at the critical point of the Dicke Hamiltonian are a non-trivial superposition of spin and phonon excitations, which is very different to those of the spin-only LM. A radical consequence of this complex interplay is the reduction of the energy gap between the ground and the first non-degenerate excited states at the critical point (referred to as the main gap throughout the paper), relative to the LM gap. This reduction is a crucial effect in the context of adiabatic state preparation, as the characteristic time-scale to remain adiabatic is inversely proportional to the energy gap. Figure 2 illustrates the two cases, which can be characterized by their energy spectra. In Panel (a) we plot example spectra for δ/(2π) = −1 kHz and δ/(2π) = −4 kHz. In the former case, the detuning is chosen close to the critical field B c , which leads to a large deviation in the spectrum near the critical point and related reduction in the minimum energy gap, while in the latter the spectrum near the critical point collapses to the effective LM result. Panel (b) examines the magnitude of the energy gap at the critical point as a function of detuning, relative to the LM.
III. PROTOCOLS FOR GROUND-STATE PREPARATION
In this section, we consider different protocols to efficiently prepare the ground-state of the Dicke model for B → 0. In all cases, we start with a large initial transverse field 
The energy gap between the three lowest energy states of theĤLM andĤ, for two values of detuning δ. Ramps were optimized with respect to the gap between the groundstate and the first excited state in the same parity sector which is shown in orange, and is referred to as the main gap throughout the paper. The gap between the ground-state and the lowest-excited state (of opposite parity), which below the critical point Bc/(2π) ∼ 1.5 kHz is almost degenerate with the ground-state, is shown in blue. The presence of the resonance near the critical point modifies the position of the critical point and diminishes the magnitude of the main gap. . At the end of the ramp, we quench the detuning δ → 2δ and evolve the system for an additional duration t d = π/|2δ| at fixed B = 0. The phonon states start at opposing coherent amplitudes and undergo a spin-dependent coherent displacement which maps them to the phonon vacuum state. See Sec. III and Appendix A for further details.
that the initial phonon state should be described by a thermal mixed stateρn with mean occupationn = 6, such that the full spin-phonon state is characterised aŝ ρ SB (0) = | − N/2 x −N/2| x ⊗ρn. We emphasize that starting with an initial thermal distribution does not change the physics discussed in the previous section (in which the phonon component of the ground-state in the normal phase was taken to be vacuum).
If B(t) is ramped to zero adiabatically, the groundstate component of the initial ensemble will follow the ground-state of the instantaneous HamiltonianĤ(t), finishing in the state |ψ SB (τ ) = |ψ GS SB,I , which is a spinphonon cat-state [see Eq. (6)]. On the other hand, for B → 0 the ground state of the LM is the spin cat-state |ψ
We note that the spin-phonon cat-state is an equivalent metrological resource to the spin cat-state in terms of the spin degree of freedom, e.g. it has the same sen- . We include a thermal phonon occupationn = 6 and neglect decoherence in these theoretical calculations. The double peak structure reflects the parity symmetry of the ground-state and is visible in both experiment and theory results. (c), (d), and (e) show the corresponding mean values of the magnetization |Ŝz| , spin-projection Ŝ x , and mean phonon number n . The filled circles are experimental measurements, the solid and dashed lines are the theory results without and with dephasing Γ el = 280 s −1 . We indicate the time at which the critical point is reached in each ramp by a vertical line. We highlight that for the LAA ramp this must be interpreted with care, given that the majority of the ramp duration is spent in close proximity to the critical point [see Fig. 2 (c) ].
sitivity to rotations aboutŜ z . However, it is difficult to experimentally probe features of the entangled spinboson cat-state, such as the coherences. Specifically, while we can individually measure spin and phonon degrees of freedom [39] , we lack the ability to simultaneously control and measure the phonon and spin degrees of freedom, which is crucial given that tracing out the phonon mode from the spin-boson cat-state exponentially suppresses the coherence between the spin states |N/2 z and | − N/2 z (see Appendix A for details), leading to an unentangled mixed spin state. Instead, given that we do possess the appropriate degree of control over the spin degree-of-freedom, we discuss how one can easily recover the spin-only cat-state by disentangling the spins and phonons in |ψ GS SB,I . In Fig. 2(d) we illustrate one such scheme where at the end of the ramp (B → 0), we quench the detuning δ → δ = 2δ. As discussed in detail in Ref. [32] , in this regime the spin dynamics generated byĤ is equivalent to that of an effective Ising model on the spins, as well as a spin-dependent displacement for the bosons. The spin-component of |ψ GS SB,I is an eigenstate of the Ising model and it will not evolve any further. The evolution of the phonons for t d = π/δ coherently displaces them by β(t d ) = −g 0 √ N /(2|δ|) S z . This brings the phonons back to a vacuum state such that | ± α 0 , 0 | ± N/2 z → |0 | ± N/2 z , thus disentangling the phonons and spins. Tracing the phonons out of the disentangled state recovers a spin-only cat-state |ψ
A schematic of the protocol is illustrated in Fig. 2(d) and details are presented in Appendix A.
Next, we investigate various ramp profiles to determine an optimal protocol given the interplay of experimentally realistic parameters and constraints with the varying degrees of adiabaticity of each protocol. An optimal ramp should balance the two to achieve the highest possible ground-state fidelity. Specifically, we study three different ramp-down protocols over a fixed time τ ramp (see Fig. 2 (c) for time-traces of the applied transverse field):
(i) Linear (LIN): B(t) = B 0 (1 − t/τ ramp ). While the LIN protocol is the simplest to implement, its efficiency is trivially limited by the relatively large speed at which the critical point is crossed.
(ii) Exponential (EXP): B(t) = B 0 e −t/τ . This is a commonly used improvement to the LIN ramp, in which the field strength is ramped at a comparatively fast rate at short-times, thus enabling the velocity at the critical point to be significantly slower relative to the LIN ramp.
(iii) Local Adiabatic Approximation (LAA). The utility of the (LAA) is greatest when one has a very detailed understanding of the energy spectrum and critical point of the model [11, 40] . Specifically, the LAA ramp is constructed based on the energy gap ∆ of the specific Hamiltonian studied. For the LM and spin-phonon models the relevant gap is that to the lowest excited state of the same parity [orange line in Fig. 2(a) ]. The actual lowest energy excited state [blue line in Fig. 2(a) ] becomes degenerate for small B |J|, however, due to the symmetry of the Hamiltonian these states remain uncoupled. The ramp is designed to rigorously optimize the instantaneous velocity of the transverse fieldḂ(t) based on the instantaneous gap ∆(t) [40] , such that diabatic excitations are created uniformly throughout the protocol. The ramp profile is given by solvingḂ(t) =
a scaling factor determined from the initial and final magnetic field strengths and the total duration of the ramp. From these equations we identify that the instantaneous ramp speed will be slowest when the gap ∆ is minimal and fastest when ∆ is largest.
IV. EXPERIMENTAL RESULTS
Resonant 124 GHz microwave pulses generate arbitrary collective spin rotations, enabling preparation of the initial state |−N/2 x . Resonant microwaves also implement the effective transverse magnetic field B(t) of Eq. (3) in the rotating frame of the qubit, where the initial field B(t = 0)/(2π) ≈ 7.1 kHz is ramped to zero with a voltage-controlled microwave attenuator. At the end of a ramp the magnetization in a particular projectionaxis is measured by rotating that direction to theẑ-axis and measuring the global ion fluorescence scattered from the Doppler cooling laser on the cycling transition for ions in |↑ z [25, 26, 28, 41] . We count the total number of photons collected on a photomultiplier tube in a detection period, typically 5 ms. From the independently calibrated photons collected per ion, we can infer the state populations, N ↑ and N ↓ , and calculate the spinprojection M z ≡ N ↑ − N/2 for each experimental shot. From these measurements and repeated experimental trials we construct the full probability distribution P (M z ).
Throughout the ramp, the spin-dependent ODF and detuning δ are constant, corresponding to fixed values of J, g 0 / √ N B(0). For the 2 ms ramp measurements of Fig. (3) where N ≈ 70, the effective spin-spin interaction and spin-mode coupling are J/(2π) ≈ 1.75 kHz and g 0 /(2π) ≈ 1.32 kHz.
Off-resonant light scattering from the detuned ODF laser beams is the dominant source of decoherence. For our experimental setup this decoherence is well described by single-particle dephasing with Γ el ≈ 120s −1 estimated from independent measurements at B=0 [42] .
The exponential ramp time constant was set to τ ≈ 0.6 ms. This value was chosen by experimentally optimizing the magnetization |Ŝ z | of the state at the end of the ramp protocol. In order to account for the experimental uncertainty in the spin-phonon coupling g 0 and consequently the spin-spin interaction J, we have optimized the LAA ramp in a similar manner, varying the estimated location of the critical point B c ∼ J and optimizing via the magnetization |Ŝ z | of the final state. The exact functional form of the LAA ramp implemented in the experiment was determined by solving the associated ODE in Sec. III with respect to the energy gap of the LM Hamiltonian. Further details can be found in Appendix. B. The profile of the transverse field for each ramp is illustrated in Fig. 2 (c) .
In the experiment, the detuning δ is set to be close to the COM mode to generate the desired all-to-all coupling. Moreover, δ/(2π) = −1 kHz is typically chosen to maximise the magnitude of the effective spin-spin Ising interaction relative to relevant sources of single-particle decoherence. For this condition the resonance lies close to the critical point of the related LM, as discussed previously and illustrated in Fig. 2 (a) . Hence, we expect the dynamics to deviate strongly from an effective spinonly description and that the phonons will play a crucial role in understanding the dynamics and efficiency of the ramp protocols.
A complete characterization of the prepared state by measurement of the ground-state fidelity becomes exceedingly difficult for large systems. Instead, we characterize the state throughout the ramps using global spin observables. In particular, we focus on measurements of the magnetization |Ŝ z | and the collective spin-projection alongŜ x . In Fig. 3 , we show the complete distribution functions of the experimentally measured observables, as well as the mean-values. We compare the experimental data to theoretical calculations of the full spin-phonon model neglecting decoherence and assuming an initial thermal state for the phonons with mean occupation n = 6. The dynamics of the Dicke model was solved using numerical integration of the Schrödinger equation and thermal averaging of expectation values. We assumed the spin degree of freedom is restricted to the fully symmetric Dicke manifold (S = N/2) and used a truncated Fock basis for the phonon degree of freedom. Here, the appropriate truncation is estimated from the distribution of the final ground-state and is increased to check that results are converged.
The experimental and theoretical spin distributions show good qualitative agreement. In particular, in both simulations and experimental data we see a clear transition to a bimodal structure in the spin distribution P (M z ) of the spin-projection M z as the field strength is ramped down through the critical point (indicated by the black vertical line in each plot), consistent with the expected superposition of spins all up and all down as B → 0 (although these results cannot be used to verify any coherence between these states). The "smearing" out of the bimodal P (M z ) distribution is largely attributable to the initial thermal distribution of phonons.
A more direct comparison of the experimental data and theoretical calculations is made via the mean-values of the magnetization |Ŝ z | and spin-projection Ŝ x , as shown in Figs. 3 (c) and (d) . We observe a depolarization along S x and increase in magnetization as the system crosses the critical point (again, indicated by the black vertical line in each plot) for all ramps. We observe good agreement between experimental measurements of the magnetization and our theoretical calculations, particularly for the EXP and LIN. There is a larger deviation between experiment and theory for the mean spinprojection Ŝ x as, unlike the magnetization, this observable is strongly affected by dephasing mechanisms. However, the depolarization at large B, most clearly evidenced in the LIN protocol, is faster than expected for the estimated dephasing of Γ el ≈ 120 s −1 . Specifically, in order to account for this depolarization we instead need to include a larger dephasing of Γ el = 280 s −1 . This dephasing could be a result of the experimental system going beyond the Lamb-Dicke regime, which is implicitly assumed in the derivation of the Dicke Hamiltonian Eq. (1) [26, 43] . Since including the effects of decoherence, in combination with the large number of phonons and spins is computationally challenging, we crudely model the effect of dephasing by Ŝ x → Ŝ x e −Γt and Ŝ z → Ŝ z where Γ = Γ el /2 [44] . Strictly modelling dephasing in this manner is only valid in the B = 0 limit, however, for B J or B J it is a reasonable approximation as in the former case the dynamics is dominated by single-particle physics, while in the latter the decoherence commutes with the spin-phonon coupling [Eq. (2)]. The faint dashed lines in Fig. 3(b) show the results with dephasing for Ŝ x . With this simplistic treatment of decoherence, we highlight that |Ŝ z | remains unchanged as the decoherence commutes withŜ z , whereas in an exact treatment the depolarization of Ŝ x would consequently lead to a reduction in the final magnetization. While this approximation is crude, for the EXP and LIN ramps it improves the agreement between theory and experiment for Ŝ x . However, it is insufficient to model the LAA ramp as the majority of the evolution is spent at B ∼ J.
We generically find that the LAA and EXP ramps produce larger final magnetization [ |Ŝ z | /N = 1/2 ideally for B(t) = 0] than the simpler LIN ramp. This coarse observable indicates that the LAA and EXP ramps are preferred ramping protocols for adiabatic state preparation.
We also compute the expected mean phonon occupation n for each of the ramps in Fig. 3(e) . We find for all ramps the occupation quickly becomes macroscopic below the critical point, and the final occupation is consistent with that of the superradiant ground state, n ≡ |α 0 | 2 ∼ 30. While we did not measure this quantity experimentally, the phonon occupation is an accessible quantity [27] and could be quantitatively verified in future experiments.
We further quantify the adiabaticity of the ramps on relevant experimental time-scales by performing ideal theory calculations of ground-state fidelity. We use the spin-phonon model neglecting decoherence and ignoring the initial thermal phonon occupationn = 0. The fidelity to the spin-phonon cat-state state is then defined as F SB GS ≡ | ψ(τ ramp )|ψ GS SB,I | 2 . We find only the LAA ramp has an appreciable fidelity F SB GS 0.25 (in contrast, F SB GS < 10 −3 for the EXP and LIN protocols). This poor outcome is attributable to modification of the energy spectrum due to the proximity of the resonant regime B ∼ |δ| to the QCP at B ∼ J for the experimental detuning of δ/(2π) = −1 kHz. Specifically, the significant reduction in the main energy gap relative to the LM implies much longer ramp durations are required to maintain adiabaticity.
However, we must point out that the ground-state fidelity in the experiment is further limited by a combination of single-particle dephasing and the thermal occupation of the phonons. For an array of N ≈ 70 ions and current dephasing of Γ ≈ 60 s −1 , the offdiagonal coherences of the cat-state decay exponentially as e −N Γt ∼ 10 −4 for τ ramp = 2 ms. Assuming an adiabatic ramp such that the cat-state is prepared perfectly in the absence of decoherence, the fidelity to the catstate with dephasing can then be crudely estimated as F SB GS,Γ ≈ (1 + e −N Γt )/2. In addition to this, the achievable fidelity is also limited by the initial thermal occupationn ≈ 6 of the COM mode. This reduces the actual ground-state fraction of the initial spin-boson state by a factor of 1/(n + 1), and thus would reduce the achievable fidelity to the final ground-state by the same factor, F SB GS,n → F SB GS,n=0 /(n+1). The combination of dephasing and thermal phonon occupation leads us to the prediction
07. This fidelity is negligibly small, particularly in the context that we require F SB GS > 1/2 to differentiate from a statistical mixture of the degenerate ground-states.
V. THEORETICAL PREDICTIONS FOR NEXT GENERATION OF EXPERIMENT
The detailed analysis of experimental results presented above allows us to devise methods which can lead to improved ground-state fidelities. The first modification to the experimental procedure is to avoid choosing a detuning close to the critical point, which eliminates the complications arising from undesirable spin-phonon entanglement, specifically, the relative reduction in the energy gap. To this end, we set the detuning to δ/(2π) = −4 kHz while keeping the effective spin-spin interaction coefficient J of the LM model constant, thus realizing the same effective spin model. By shifting the detuning away from the critical field strength the main gap at the QCP is significantly increased and thus reduces the creation of non-adiabatic excitations for typical ramping times.
The next generation of experiments are expected to implement electromagnetically induced transparency (EIT) cooling schemes [45] . This will substantially reduce the initial thermal phonon occupation ton 0.2 which corresponds to an initial ground-state fraction (of the full spin-phonon Hamiltonian) of > 80%, greatly enhancing the achievable spin-phonon cat-state fidelity [F SB GS ∝ 1/(n + 1)].
With this improved initial state preparation, the remaining barrier to achieving appreciable ground-state fidelities for large arrays of ions remains the dephasing Γ. Improved cooling will aid in eliminating the spurious sources of decoherence, particularly those due to going beyond the Lamb-Dicke regime. Beyond this, we then anticipate a 4-fold reduction of the spontaneous emission relative to coherent interaction strength by increasing the angle between the ODF beams by a factor of 2 [26] . The resulting reduction in decoherence Γ ∼ 15 s −1 will allow us to reach fidelities of F SB GS ∼ 0.4 − 0.8 for a crystal of 20 ions under a ramp of τ ramp ∼ 1 − 4ms. Beyond our specific system, there exist alternative trapped ion setups with more favorable rates of decoherence, such as Yb + or Ca + ions in a linear RF trap [10, [46] [47] [48] . Figure 4 shows our theoretical predictions for spinobservables for the LIN, EXP and LAA ramps with duration τ ramp = 2ms, using the modified parameters discussed here and neglecting dephasing Γ = 0. By removing the resonance away from the QCP, we immediately observe the dynamics of the LM and the Dicke model (with initialn = 0) can display good agreement.
We also calculate the fidelity to the ground-state for on the ground-state fidelity and QFI for the effective LM. Here, we account for all relevant decoherence processes and define Γ = (Γ el + Γ du + Γ ud )/2 as the total decoherence rate. Here Γ ud(du) is the rate of spontaneous emission (absorption) and is assumed to be negligible compared to dephasing (Γ el = 20 s −1 , Γ du = Γ ud = 2 s −1 ). In (a) we use the shaded region to indicate an approximate confidence bound for 'catness' of the final state. The shaded region in (b) indicates the loss of any metrologically useful entanglement.
the same parameters as a function of ramp duration in Fig. 5 . Neglecting thermal phonon population and decoherence, we find that significant fidelities, F SB GS > 1/2, can be achieved with ramps of duration τ ramp 2 − 4ms depending on the chosen protocol. Given that the spinphonon dynamics now closely track the spin-dynamics in this parameter regime, we estimate the effects of decoherence by considering only the spin-dynamics under the LM with Γ = 12 s 
whereĜ is a chosen generator, λ k,l the eigenvalues of the density matrix and |λ k,l the corresponding eigenvectors. We optimize over all generatorsĜ = v ·ˆ S which correspond to collective rotations about an axis of the Bloch sphere along the unit vector v = [sin(φ)cos(θ), sin(φ)sin(θ), cos(φ)] parameterized by (θ, φ), which are the polar and azimuthal angles, respectively. For the ground-state of the Dicke Hamiltonian and LM the optimal rotation axis will beĜ =Ŝ z , and this is used in Fig. 5(b) . For the Dicke model, we calculate the QFI of the final state without any disentangling operation to remove the phonons. In order to benchmark the utility of the ramp it is useful to compare our results to the QFI of the state generated by the Ising dynamics. This is motivated by previous experimental and theoretical results by several co-authors discussed in Ref. [26] . Here, we perform theoretical simulations of 20 ions, using the LM and the Dicke model, for the three different ramping protocols. In Fig. 5 , we compare the results of these state preparation protocols to the dynamics of the QFI under the effective all-to-all Ising Hamiltonian given by Eq. (8) with B = 0, and the Dicke Hamiltonian with B = 0, fixing the detuning δ/(2π) = −4 kHz and J to be the same as for the adiabatic protocol. In the case of the all-to-all Ising Hamiltonian, we prepare an initial coherent spinstate pointing alongê x , identical to the large B state for the ramping protocols. The peak in the QFI at ∼ 3 ms corresponds to the spin cat-state for the Ising dynamics, which is a superposition of (|N/2 x + | − N/2 x ) / √ 2, in contrast to the adiabatically prepared spin-phonon catstate for which the spins are aligned along ±ê z .
In the absence of decoherence (solid lines), a LAA ramp of τ ramp ∼ 1 ms matches the maximal entanglement generated by the Ising Hamiltonian three times faster. Thus while preparing the true ground-state is generically difficult, one can still generate a useful bimodal distribution along P (M z ) which as the QFI demonstrates, is due to a coherent superposition rather than a statistical mixture. This implies that one can produce spectroscopically useful entangled states using non-adiabatic ramps.
We find that in the presence of decoherence, specifically dephasing and spontanenous emission, the ability to generate entanglement rapidly with a ramping protocol does have some benefit in comparison to the Ising Hamiltonian. This is evidenced by the LAA ramp, which is able to generate a slightly larger Fisher information F Q at τ ramp ∼ 1 ms than that achievable by the Ising Hamiltonian at τ ramp ∼ 3 ms.
While the ramping protocols provide a procedure to rapidly produce entanglement, the generated states are not neccessarily amenable to simple inteferometric schemes, such as Ramsey interferometry, as compared to, e.g., the squeezed states produced by the Ising Hamiltonian. Generically, cat-like states require single-particleresolved detection to fully unlock their metrological usefulness [50] , and this should be possible with the implementation of the single-site resolution capability of the experimental setup. Beyond this, however, there are also proposals for time-reversal schemes [51] [52] [53] [54] , intrinsically related to recent measurements of out-of-time-order correlations [25, 55] .
VI. SUMMARY AND CONCLUSIONS
In this work, we have benchmarked the behavior of a 2D ion crystal of ∼ 70 ions in the presence of a transverse magnetic field. The Hamiltonian dynamics result from the interplay of the coupling between the transverse field and the spinsĤ B , the phononsĤ ω;I , and the spin-phonon couplingĤ SB;I . We implemented different ramps, transforming an approximately prepared groundstate of the normal phase to the ground-state of the superradiant phase of the Dicke Hamiltonian. Whilst the ground-state physics of the Dicke Hamiltonian mirrors that of the related LM, we demonstrated that the energy spectrum can deviate significantly and has important implications for adiabatic state preparation in a trapped ion quantum simulator.
We have demonstrated that the appearance of states with large magnetization |Ŝ z | and a bimodal structure in the related distribution function P (M z ), consistent with the theoretical predictions. Our theoretical calculation of the full spin-phonon model displays qualitative agreement, particularly for the observed spin distribution functions.
We also presented theoretical results demonstrating that by detuning further away from the COM mode allows one to modify the level structure of the Dicke Hamiltonian in such a way that it mimics that of the LM. However, we note that the detuning is still small enough that we can maintain the same spin-spin couplings with a modest increase in laser power, or simple rearrangements to the ODF laser beam configuration. However, the detuning still places us in a regime where the full spinboson dynamics should be considered. Together with a modest reduction in ion number, decoherence rate and implementation of EIT cooling of the motional modes of the crystal, we predict that the next generation of experiments could prepare the true B = 0 ground-state (catstate) for a mesoscopic number of ions with a fidelity of F SB GS = 0.5 − 0.75. Finally we have shown that ramp protocols can be a useful method for generating metrologically useful entan-gled states. In particular, we predict the generation of large Fisher information per particle ( 1) even for very short (non-adiabatic) ramps, outperforming the equivalent entanglement generated by application of the generic squeezing Hamiltonian. The rapid generation of multipartite entanglement is a key tool in combating the fragility of such states to decoherence.
−gN/(2δ), it is then clear thatÛ SB will displace the phonon coherent states (in a direction dependent on the sign of the S z component) back to vacuum, | ± α 0 , 0 → |0 . Note that the action ofÛ SS on the spin component of the ground-state imprints an irrelevant global phase ϕ = JN t d /2 on the decoupled state Eq. (A2).
An alternative, but closely related, procedure to disentangle the spin-phonon state is to drive the spin-phonon coupling on resonance, δ → δ = 0. In this case, one must shift the phase of the drive by π/2 such that the spin-phonon coupling transforms as
, and subsequently evolve the system for a duration duration t d = 1/|δ|. Following this procedure results in a spin-dependent coherent displacement of the phonon state back to vacuum, | ± α 0 , 0 → |0 , in a manner similar to the previously discussed protocol.
We make one further point regarding the disentangling protocols. In the experimental system we generally characterize the initial state of the phonons as a thermal ensembleρn while the spin-degree of freedom is prepared in a pure state, such that the initial spin-phonon state isρ SB (0) =ρn ⊗ | − N/2 x −N/2| x . If the protocol is adiabatic and there is no coupling between the excited energy levels, then not only is the ground-state component of this initial ensemble mapped to the weak-field ground-state of the Dicke Hamiltonian, but the excited fraction due to the thermal distribution is also mapped identically. This implies that the final state at the end of the ramp protocol will be a mixture of the true groundstate and the low-lying excitations, which, if δ 2 < g 2 N , can be characterised as displaced Fock states | ± α 0 , n where n corresponds to the number of phonon excitations above the true ground-state [these excitations are illustrated in Figs. 1 (a) and (b) of the main text].
The action of the hold protocol on these states is to identically displace the phonon state such that | ± α 0 , n → |n . This maps the spin-phonon excited states to the form of a product state identical to Eq. (A2). Hence, tracing the phonons out of these excited states also recovers the spin cat-state. It is this realization which motivates the relation F S cat ≥ F SB GS as a lower bound in the previous section, as it possible for excited spin-phonon states to contribute to an increased fidelity to the pure spin cat-state after the disentangling protocol.
• at the end of the transverse field ramp as shown in Fig. 6(a) . For the appropriate offset, the distribution would be balanced, with large, separated peaks at positive and negative values of M exp z . To choose the optimum, we plot Ŝ z as a function of the frequency offset and extract the zero crossing, as shown in Fig. 6(b) .
Appendix C: Effects of residual longitudinal fields
In the presence of a non-zero longitudinal field B z the Hamiltonian describing the system is given by,
The ground-state of this Hamiltonian is no longer degenerate, and is given by one of the two states, | ± α 0 ⊗ | ± N/2 z , depending on the sign of the additional longitudinal field.
Furthermore, this Hamiltonian is no longer symmetric under the transformationŜ z → −Ŝ z ,Ŝ y → −Ŝ y and a → −â. In principle, this loss of symmetry implies that the ground-state at large B(t) given by |ψ GS SB,B is no longer restricted to adiabatically connect to the cat ground-state |ψ GS SB,I . Instead it preferentially connects to one of the two states | ± α 0 ⊗ | ± N/2 z , depending on which has the lower energy for a given B z .
Despite this, we find that in the presence of a moderate symmetry breaking field B z = 0 we can still prepare a state which has significant overlap with the catstate. We characterize the resilience of our protocol to finite B z by computing the magnitude of the extremal offdiagonal coherences of the reduced density matrix of the spins following the spin-phonon disentangling protocol discussed in Appendix A. We consider an EXP ramp with τ ramp = 2 ms. Following the disentangling procedure, and after tracing out the phonons, the density matrix of the spins can be decomposed asρ = m,n ρ m,n |m n|. . We find the protocol still achieves significant coherence for B z /(2π) 50 Hz, which is a level of control over stray longitudinal fields which is experimentally achievable.
We attribute the maintained coherence to the nonadiabaticity of the ramp with respect to the gap, in the limit B x → 0 and a small B z field, between the states | N 2 z and | − N 2 z given by ∆ = B z N . Specifically, if the ramp is short such that τ ramp 1/(B z N ) then diabatic excitations couple the states and we retain a coherent superposition. Extending this more generally, to achieve significant cat-state fidelity we require 1/J τ ramp 1/(B z N ) such that the ramp generates diabatic excitations at B x → 0, yet remains adiabatic with respect to the energy gap at the critical point B x ∼ J.
